Background/Aims: Cardiac hypertrophy is a major outcome and compensatory response of the cardiovascular system to hemodynamic and additional stress responses that ultimately lead to heart failure. Auranofin (Aur) has been used for treating rheumatic arthritis for several decades. Aur is a 19S proteasome-associated deubiquitinase inhibitor, and inhibition of the proteasome is speculated to reverse cardiac hypertrophy. However, the role of the deubiquitinases, especially 19S proteasome-associated deubiquitinases, in the regulation of cardiac remodeling remains poorly understood. The present study investigated the role of Aur in cardiac hypertrophy both in vitro and in vivo. Methods: Male Sprague-Dawley rats underwent abdominal aortic constriction to induce left ventricular hypertrophy. The neonatal rat primary myocardial cell hypertrophy model was induced by Ang II. Echocardiography, hematoxylin-eosin staining, Masson's trichrome staining, immunochemistry, western blot analysis, a cell viability assay, and enzyme-linked immunosorbent assay were performed. Results: Aur significantly reduced the abdominal aortic constriction that led to left ventricular hypertrophy, reduced heart cavity expansion, and functional disorder, and thereby reduced fetal gene expression and attenuated cardiac fibrosis. Furthermore, Aur caused marked accumulation of ubiquitinated proteins and IκBα, as well as inactivation of NF-κB. This phenomenon was confirmed in the neonatal rat primary myocardial cell hypertrophy model. Conclusions: The present study indicated that Aur blocks the development of left ventricular hypertrophy induced by abdominal aortic constriction. This phenomenon might be attributed to inhibition of the 19S proteasome-associated deubiquitinase that can lead to aggregation
Introduction
Cardiac hypertrophy is a common pathological outcome of hypertension, myocardial infarction, coronary heart disease, and other cardiovascular diseases. Sustained cardiac hypertrophy eventually leads to heart failure. Several therapeutic approaches have been used extensively in the treatment of cardiac hypertrophy and general cardiac failure. Agents that block the adrenergic receptors include inhibitors of angiotensin converting enzyme (ACEIs) and Ca 2+ channel antagonists [1] . Despite recent advances in drug therapy for cardiac hypertrophy and heart failure, these conditions have an extremely poor survival rate with an annual mortality rate of 29.6% [2] . Therefore, novel therapeutic agents that are effective in preventing or reversing the development and progression of cardiac hypertrophy would be indispensable.
In eukaryotic systems, the ubiquitin-proteasome system (UPS) is the primary protein degradation system. This pathway not only removes misfolded proteins but also performs crucial functions by regulating other systems including cellular growth and metabolic regulation of the cell cycle, DNA repair, and the activation of immunity [3, 4] . Accumulating evidence shows that the development of cardiac hypertrophy is modulated by the UPS. Other studies have found enhanced proteasome expression and activity in cardiac muscle following pressure overload [5, 6] . Currently, an effective therapeutic option for cardiac hypertrophy is speculated to be the functional modulation of proteasomes and regulation of their components.
Lee et al. found that treatment with proteasome inhibitors, namely, MG132 and bortezomib, for 24 h regressed cardiac hypertrophy induced by cholesterol in H9c2 cells [7] . In the pressure overload-induced cardiac hypertrophic rat model, proteasome inhibition clearly attenuated cardiac fibrosis and heart failure [8] . Our previous study also showed that the proteasome inhibitor Chinese herbal monomer compound known as gambogic acid significantly improved right heart and left ventricular hypertrophy in rats subjected to hypoxia and pressure overload [9, 10] . The 19S proteasome contains three deubiquitinases (DUBs): RPN11, UCH37, and USP14. These enzymes are responsible for degradation of the control protein [11] . Inhibition of 19S proteasome DUB activity can cause high levels of ubiquitin protein aggregation and the regulation of protein degradation. Moreover, 19S proteasome inhibition provides greater specificity and selectivity than 20S proteasome inhibition [12] . Although it has been previously shown that 20S proteasome inhibitors can suppress or rescue cardiac hypertrophy, it is not yet clear whether 19S proteasomeassociated DUB inhibitors are effective in treating cardiac hypertrophy.
The gold (I)-containing agent, auranofin (Aur), has been used as a potent and effective compound in the clinical treatment of rheumatoid arthritis for more than three decades. In addition, Aur exhibits multiple activities that could cure other diseases. In addition to the anti-inflammatory activities, recent studies have shown that Aur exhibits potent antitumor effects against several carcinomas [13, 14] . Previously, we showed that Aur is a potent and selective inhibitor of USP14 and UCHL5, two critical DUBs that are associated with the 19S proteasome [15, 16] . As observed with the 20S proteasome inhibitor, Aur induces the accumulation of ubiquitinated proteins, blocks the breakdown of IκBα, and subsequently inactivates functional NF-κB nuclear signaling [16] . In addition, the inactivation of NF-κB signal transduction suppresses cardiac remodeling induced by pressure overload [17, 18] . Thus, the present study speculated that Aur is capable of suppressing pressure overloadinduced cardiac hypertrophy by a mechanism that is partially dependent on inhibiting proteasome activity and the NF-κB signaling pathway. 
Materials and Methods

Reagents
Aur was purchased from Enzo Life Sciences International, Inc. (Plymouth Meeting, PA, USA). The following antibodies were used: anti-β-MHC (clone B-5), anti-ub (clone P4D1), anti-collagen type-1 (Santa Cruz, CA, USA), anti-K48-linkage-specific polyubiquitin (clone D9D5), anti-IκBα (clone L35A5; Cell Signaling Technology, Beverly, MA, USA), and anti-GAPDH (Bioworld Technology, Inc.) Enhanced chemiluminescence (ECL) reagent was used (Santa Cruz) to develop the western blot membranes.
Animals
All animals were raised and treated in accordance with the guidelines by Guangdong Animal Center for the ethical treatment of animals. The experimental protocols were approved by the Institutional Animal Care and Use Committee of Guangzhou Medical University (Guangzhou, China). Male Sprague-Dawley rats (aged 6 weeks) were obtained from the Guangdong Laboratory Animal Monitoring Institute. All animals had free access to standard laboratory diet and water.
Induction of left ventricular hypertrophy via abdominal aorta constriction (AAC)
The animal models were created as described previously [19] . Four groups of rats were derived by randomly allocating 8 animals into each of the following groups: 1) vehicle-treated sham group (sham group); 2) Aur-treated sham group (sham+Aur group); 3) vehicle-treated AAC group (AAC group); 4) Aurtreated AAC group (AAC+Aur group). Briefly, the animals were anesthetized via intraperitoneal injection of 2% sodium pentobarbital (2 mL/kg). Next, a midline abdominal incision exposed the abdominal aorta, and silk sutures (5-0) were used to ligate the aorta using a 22-gauge blunt-ended needle. The needle was rapidly retracted to create a defined constriction. For the sham group, an identical surgical procedure was applied in the absence of aortic constriction. Seven days post-surgery, the sham+Aur and AAC+Aur groups were given intraperitoneal injections of 3 mg/kg Aur (Enzo, USA) daily for 8 weeks. The rats of the sham and AAC groups received an equivalent volume of the vehicle to act as controls.
Purification of neonatal rat cardiomyocytes (CMs)
Neonatal rat CMs were isolated as described previously [20] . Briefly, the left ventricles were extracted from 1-2-day-old rats, sliced into small pieces, and digested with collagenase (Worthington Biologicals, USA) at 37°C. Cells were pelleted and resuspended in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum, followed by differential pre-plating to enrich the CMs, which were seeded in DMEM containing 0.1 mM bromodeoxyuridine. The culture media were replaced with serum-free media after 48 h incubation and CMs were cultured for an additional 24 h prior to treatment.
Cell viability assay
MTS assay was performed to assess cell viability as described previously [21] [22] [23] . Briefly, the CMs were seeded in a 96-well plate. After treatment, MTS solution was added into each well and the cells were incubated for an additional 2 h. The absorbance was read on a microtiter plate at a wavelength of 490 nm.
Histological examination of cardiac tissue
Rats were k i l l e d by cervical dislocation at designated times post-Aur therapy. Formalin-fixed cardiac tissue sections were embedded in paraffin and cut into 5-µm thick slices. These sections were processed for staining by hematoxylin-eosin, Masson's trichrome, and immunohistochemistry protocols.
Western blot analysis
Briefly, equivalent amounts of total protein extracted from heart tissues or CMs were resolved by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis, electroblotted onto polyvinylidene difluoride membranes, and incubated with specific primary antibodies targeted to the protein of interest at the recommended dilutions. The blots were incubated with appropriate horseradish peroxidase-conjugated secondary antibodies. The semiquantitative detection of cross-reactive bands was performed by the ECL system. 
NF-κB activity assay
A nuclear extraction kit (KeyGEN, Nanjing, China) was used to extract the nuclear proteins from a section of the frozen tissues or CMs in strict accordance with the manufacturer's instructions. NF-κB activity was assessed by an enzyme-linked immunosorbent assay specific for the NF-κB (p65) transcription factor (Cayman Chemicals, Ann Arbor, MI, USA) according to the manufacturer's protocol.
Echocardiography
At 9 weeks post-surgery, all treated and control group rats were weighed and anesthetized with chloral hydrate before clinical analysis. An IE33 echocardiographic system measured the transthoracic activity by two-dimensionally guided M-mode echocardiography (Philips Medical Systems, the Netherlands), which was equipped with a 15-MHz (s12) transducer. We adopted the following variables: the percentage of left ventricular (LV) posterior wall dimensions at diastole (LVPWd), LV internal dimensions at systole (LVIDs), LV fractional shortening (FS), and LV ejection fraction (EF).
Statistical analysis
Statistical analysis was performed using SPSS statistical software package version 17.0. Values were defined as the mean ± standard deviation. Differences between group means were tested by oneway analysis of variance, followed by Tukey's post hoc test of significance. An alpha value of P < 0.05 was considered statistically significant.
Results
Aur attenuated cardiac remodeling
We determined whether the indices of cardiac remodeling could be attenuated by Aur administration commencing 1 week after AAC. At the end of 8 weeks of treatment, rats subjected to AAC displayed clear cardiac hypertrophy, which was apparent from the enhanced cardiac mass and increased heart weight/body weight (HW/BW), compared with the sham group. However, after administration of Aur for 8 weeks, the hypertrophic responses were diminished (Fig. 1A-C) . Moreover, hypertrophic markers including the expression of β-MHC were induced after AAC but markedly attenuated in the Aur-treated group (Fig. 1D) .
Impaired cardiac function after AAC was improved by Aur
After 9 weeks postsurgery, we further determined whether Aur may attenuate AAC-induced left ventricular dysfunction using echocardiographic analysis ( Fig. 2A) . Nine weeks after AAC, the treated animals revealed markedly 
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Cellular Physiology and Biochemistry enhanced chamber diameters and decreased EF and FS values. In addition, Aur notably improved LV function and attenuated cardiac dilation. Moreover, in AAC rats, LVPWd and LVID measurements were increased compared with sham rats at 9 weeks post-surgery, as shown by echocardiographic analysis; however, this effect was eliminated following Aur treatment (Fig. 2B) . In addition, Aur-treated AAC rats exhibited better systolic functional parameters (i.e., EF and FS) compared with AAC rats (Fig. 2C) .
Aur attenuated pressure o v e r l o a d -i n d u c e d cardiac fibrosis
LV hypertrophy and subsequent heart failure are typically revealed by the appearance of fibrosis. Thus, we performed Masson's trichrome staining on serial sections of cardiac tissue to determine the progression of interstitial fibrosis in each group of treated rats. Rats subjected to AAC surgery showed marked interstitial fibrosis, which was attenuated by Aur treatment (Fig. 3A) . Immunohistochemistry assays were also used to determine the effects of Aur treatment on collagen type 1 expression in myocardial (Fig. 3B ). Western blot analysis was used to evaluate the level of collagen type-1 protein in left ventricular tissue specimens, and the results resembled those of immunochemistry analysis (Fig. 3C-D) .
Aur treatment decreased proteasome activity and inactivation of the NF-κB signaling pathway in cardiac tissue
Our previous studies showed that the 19S proteasome-associated DUB inhibitor, Aur, blocks the degradation of IκBα through a mechanism that requires proteasome inhibition [16] . Thus, we explored the ability of Aur to delay the expression of IκBα in myocardial cells following AAC surgery. Daily administration of Aur at 3 mg/kg induced an increase in IκBα accumulation at 9 weeks following AAC surgery (Fig. 4A) . Moreover, Aur markedly enhanced the total amount of ubiquitinated proteins and K48-linked ubiquitinated proteins in the AAC-surgically treated group (Fig. 4A-D) . Immunochemistry further demonstrated that the total amount of ubiquitinated proteins and K48-linked ubiquitinated proteins, and the expression of IκBα in the left ventricular myocardium were also increased in the Aur-treated AAC surgery group (Fig. 4E) . Next, we attempted to unravel the mechanisms underlying the Aur-mediated protection of rat hearts. By measuring the NF-κB activity in cardiac tissues, we found that the levels were remarkably increased in the AAC group compared with the sham-treated group; however, the increased activity was quenched by treatment with Aur (Fig. 4F ). These observations indicated that inhibition of the UPS by Aur might inactivate NF-κB signaling through a mechanism that is partly dependent on an increased accumulation of IκBα. 
Cellular Physiology
and Biochemistry Cellular Physiology and Biochemistry © 2018 The Author(s). Published by S. Karger AG, Basel www.karger.com/cpb Hu et al.: Auranofin Attenuated Cardiac Hypertrophy by Blocking NF-kB Activation
Aur treatment inhibited CM hypertrophy and inactivated the NF-κB signaling pathway in CMs
The above results confirmed that Aur blocked the development of left ventricular hypertrophy induced by abdominal aortic constriction through inactivation of the NF-κB pathway. To further investigate this outcome, the results were verified in the neonatal rat primary myocardial cell hypertrophy model. We observed that Aur treatment did not exert cytotoxic effects on the CMs in the presence or absence of Ang II, although the highest dose of Aur (0.25 μM) showed slightly cytotoxic effects (Fig. 5A) . Thus, Aur concentrations of 0.125 μM and 0.25 μM were used for the subsequent experiments. We found that Aur treatment markedly decreased the Ang II-induced expression of hypertrophic markers, β-MHC and collagen type-1 (Fig. 5B-E) . In addition, Aur significantly enhanced the amount of total ubiquitinated proteins, K48-linked ubiquitinated proteins, and the expression of IκBα in CMs in the presence of Ang II (Fig. 6A-D) . Aur treatment also decreased the activity of NF-κB in CMs in the presence of Ang II (Fig. 6E) . Consistent with the in vivo data, the results found in the CMs also indicated that Aur inhibited cardiac hypertrophy by inactivation of the NF-κB pathway via inhibition of the UPS.
Discussion
Accumulating evidence indicates that the UPS is a key pathway that influences the onset of cardiac hypertrophy and subsequent heart failure. The UPS is a complex of ubiquitin, ubiquitin-activating enzymes (E1s), ubiquitin-conjugating enzymes (E2s), ubiquitin ligases (E3s), DUBs, and proteasomes. DUBs have been found to play a vital role in several intracellular processes including growth regulation, gene transcription, programmed cell death or apoptosis, and cell cycle progression via the regulation of three major checkpoints in the cycle [24] . DUBs are proven novel therapeutic targets for the treatment of tumors and other diseases. Currently, several DUB inhibitors are known to functionally affect only some specific DUBs. Thus, DUB inhibitors can treat several diseases with a high degree of target specificity. However, the capacity of these inhibitors to specifically treat cardiac hypertrophy is poorly understood. Previously, we reported that Aur is a 19S proteasome-associated DUB inhibitor [16] ; thus, we examined its therapeutic effects on cardiac hypertrophy.
Nine weeks after AAC, the rats displayed cardiac hypertrophy marked by clinical endpoints such as increased HW/BW ratio and the expression of myocardial hypertrophy markers that trigger LV-associated dilation and dysfunction. Aur treatment almost completely attenuated the onset of cardiac hypertrophy, dysfunction, and fibrosis in rats following pressure overload. This phenomenon was associated with diminished functional activity of the proteasomes and that of the NF-κB signaling pathway.
Pressure overload can promote ventricular mechanical stress that initiates both cardiac hypertrophy and fibrosis [18, 25] . A major intrinsic feature of fibrosis is increased cardiac collagen deposition [26] [27] [28] [29] . In this study, we observed that Aur administration largely reduced the expression of collagen type I in pressure-overloaded hearts and cardiac fibroblasts induced by Ang II treatment, which suggested that blockade of cardiac fibroblast activation is a critical mechanism for Aur-mediated inhibition of the progression to cardiac fibrosis.
Furthermore, we determined the potential mechanisms underlying the capacity of Aur to decrease cardiac hypertrophy. The total amounts of ubiquitinated proteins, K48-linked ubiquitinated proteins, and IκBα were decreased in the AAC surgical group and CM hypertrophy was induced by Ang II treatment. These results indicated that proteasomal activity had increased. Treatment with Aur induced the accumulation of total ubiquitinated proteins, K48-linked ubiquitinated proteins, and IκBα protein expression. We also found that the NF-κB activity increased significantly in the surgical AAC group and in CMs with hypertrophy induced by Ang II treatment. However, treatment with Aur suppressed the increased functional activity of NF-κB.
Additionally, we determined that the capacity of Aur to slow cardiac remodeling might be mediated by reducing the activation of the NF-κB signaling pathway via partial blockade This phosphorylated protein is ubiquitinated and degraded by the 26S proteasome, which in turn provokes the release and nuclear translocation of NF-κB, which subsequently activates the transcription of specific target genes. Previously published studies have indicated that the NF-κB pathway is critical in the development of cardiac hypertrophy. Consequently, such studies indicated that inactivated NF-κB signaling might stimulate the regression of cardiac hypertrophy induced by pressure overload [17, 18] . Thus, the ability of Aur to repress cardiac remodeling might inhibit IκBα degradation, which results in the inactivation of the NF-κB signaling pathway.
Conclusion
This study provided new evidence to suggest that the DUB inhibitor Aur interferes in the cardiac pathology resulting from pressure overload or Ang II. In addition, the underlying mechanisms include proteasome inhibition and NF-κB inactivation. However, previous studies have shown that Aur might have several cellular targets that collectively contribute to its biological effects through the inhibition of USP14 and UCHL5. Consequently, other underlying mechanisms that could be stimulated by Aur treatment for left ventricular hypertrophy need to be clarified in further studies. Nonetheless, the current data suggested that Aur has a remarkable therapeutic potential as an anti-hypertrophic agent in addition to its known biological activities as an anti-cancer drug.
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